Abstract-The extended Born technique is an approximate nonlinear method for analyzing scattering from a weak discontinuity. Moreover, when applied to the low-frequency (electromagnetic induction) applications for which it was developed originally, extended Born has accurately modeled scattering from inhomogeneities considerably larger than those appropriate for the standard linear Born technique. In this letter, we examine the extended Born technique at radar frequencies, considering three-dimensional (3-D) scattering from a dielectric target buried in a lossy half space.
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There are many applications for which one would like to consider electromagnetic scattering from a weak inhomogeneity in a background medium. For example, plastic anti-personnel land mines are often composed of materials with dielectric constants close to those of the background soil [1] . Such a scattering problem can be solved rigorously via the method of moments (MoM) [2] , taking proper account of the half-space or layered-medium Green's function [2] , [3] used to model the soil. However, while the MoM is highly accurate, it is often computationally expensive. In the context of the weak-scattering problem of interest here, we can avail ourselves of approximate modeling algorithms, which can yield accurate results while simultaneously being relatively inexpensive computationally. The Born approximation [4] is a well-known example of such a technique, it assuming that the fields inside the scatterer are the same as the incident fields, in the absence of the inhomogeneity. While this is a popular technique, it is only appropriate for relatively small inhomogeneities [4] , [5] . Recently, Habashy et al. [5] have developed a new algorithm, which they demonstrated can handle inhomogeneities considerably larger than appropriate for the Born approximation. However, their previous research concentrated on very-low-frequency (kilohertz) applications, of interest in geophysics [5] . Moreover, previous results assumed a homogeneous background medium. Here we consider radar-frequency operation, for a target buried in a half-space.
Consider a nonmagnetic background medium characterized by the generally inhomogeneous permittivity b (r r r). Further, assume that the permittivity (r r r) characterizes the medium when a dielectric inhomogeneity is present (i.e., The well-known Born approximation is characterized by assuming approximate solution for E E E(r r r). This solution is linear in the inhomogeneity (r r r) 0 b (r r r), which implies that it neglects multibounce interactions inside the scatterer [4] , [5] .
The extended Born approximation is based on recognizing that 
The expression in (3) yields an approximation for the electric fields inside the target, which can be used in (1) to find the fields everywhere (i.e., for r r r 6 2 V ); this approximation has been termed "extended Born" [5] . Note that the inverse of problem, we invert a single 3N 2 3N (three vector field components, each represented by a separate cube), rather than N 3 2 3 matrices.
As with the MoM, the extended Born technique requires accurate computation of the dyadic Green's function G G G(r r r; r r r 0 ). While this is relatively straightforward for the free-space case [4] , [5] , for the layered-medium problem of interest here, accurate and efficient computation of G G G(r r r; r r r 0 ) is challenging. We have utilized the compleximage technique, which represents the dyadic Green's function as a sum of homogeneous-medium Green's functions with generally complex source points [6] . Below we present a series of results for a lossless dielectric target buried in a lossy half-space. In addition to the results computed via Born and extended Born, reference MoM results are presented. The MoM results were computed via a surface-integral-equation formulation (rather than the volumetric MoM procedure alluded to above). A detailed discussion of this MoM formulation can be found in [2] and [7] .
Before proceeding, we note that the loss in the half-space is used to represent the characteristics of soil, but it is also critical to the accuracy of the extended Born algorithm. In particular, recall that the approximation in (2) In particular, we tested the extended Born algorithm for a lossless background medium (e.g., vacuum), at the radar frequencies of interest-for this case, we did not see any advantage of the extended Born algorithm vis-à-vis conventional linear Born. The first set of results consider a sphere of 10-cm radius and dielectric constant r = 3:0, buried in a half-space with dielectric constant r = 4:0 and conductivity = 0:01 S/m. The center of the sphere is buried 15 cm from the air-ground interface, and the incidence angle is 50 from grazing. Far-zone backscatter results are shown in Fig. 1 , for VV and HH polarization (vertical polarization incidence, vertical-polarization receive; horizontal-polarization incidence, and horizontal-polarization receive). For this symmetric target, there are no cross-polarized backscattered fields [8] . Results are plotted as a function of operating frequency and we see that the Born and extended Born solutions are in close agreement at frequencies less than approximately 100 MHz (d= < 0:137, where is the approximate wavelength in the lossy soil and d is the sphere diameter), while the extended Born solution stays in close agreement with the MoM results up to approximately 300 MHz (i.e., for d= 0:4). These results demonstrate the superiority of extended Born relative to conventional Born. In particular, for a fixed inhomogeneity, these results indicate that extended Born allows consideration of larger targets (electrically), implying accurate performance at higher operating frequencies.
The results in Fig. 1 considered a single inhomogeneity profile at variable frequencies. To further address the accuracy of the extended Born and Born algorithms relative to MoM, we fix the operating frequency at 300 MHz and vary the target-induced inhomogeneity for the same half-space background. The sphere radius is again 10 cm placed 15 cm from the interface; the target is situated close to the surface to enhance target-surface interaction (this being handled rigorously via MoM) approximately via extended Born, and not at all via classical Born. In Fig. 2(a)-(c) , we consider the target with dielectric constant 3.5, 3.0, and 2.0 (recall the soil has a dielectric constant r = 4 and a conductivity of = 0:01 S/m). The farzone bistatic results are plotted as a function of the azimuthal angle , 50 from grazing, for an incident field propagating 50 from grazing, at = 0 . For a target of dielectric constant r = 3:5 and r = 3:0, the agreement between extended Born and the MoM is excellent for all bistatic angles. By comparison, for these same cases a noticeable discrepancy (1 dB) is seen between MoM and classical Born, attributed to the degree of inhomogeneity as well as the proximity of the target to the interface. For this example, we see that the extended Born breaks down appreciably when the target dielectric constant is reduced further to r = 2 [ Fig. 2(c) ]. Finally, close inspection of Fig. 2(a) and (b) implies that the extended Born is more accurate for a target with r = 3:0, relative to r = 3:5.
We attribute this anomaly to inaccuracies in the MoM rather than in extended Born. In particular, it has been mentioned that the surfaceintegral-equation MoM formulation used here can often be slightly inaccurate for very weak inhomogeneities [9] . Finally, while space limitations prohibit our showing the results here, the extended Bornpredicted VV fields were found to be as accurate as the HH and VH results in Fig. 2 . It is of interest to address the memory and central processing unit (CPU) requirements of the extended Born solution, relative to the Born and surface MoM solutions shown here for comparison. In Fig. 3 , we plot the CPU and RAM requirements of the extended Born, Born, and MoM solutions for the problem in Fig. 1 . With regard to the MoM solution, results are shown for a general triangular-patch model for the surface currents [7] and, in all results, the subsectional basis functions were designed to discretizate at a level of 20 basis functions per wavelength (for all methods). As expected, the simple Born solution requires the least CPU and memory. However, it is also important to note that the extended Born solution, which provides very accurate results relative to the benchmark MoM solution (see Fig. 1 all frequencies we need only store consecutive 3 2 3 matrices. At Fig. 3 . Comparison of the RAM and CPU requirements of the extended Born, Born, and general triangular-patch method-of-moments (patch MOM) solutions [7] , for the example in Fig. 1 . All results were run on a 500-MHz Pentium III personal computer.
low frequencies the extended Born CPU is approximately linear in the number of unknowns and, therefore, is of order f 3 (extended Born is a volumetric method vis-à-vis the surface MoM solution). Note that as the frequency increases, the slope of the extended Born CPU changes. We attribute this to the computational burden of computing the half-space Green's function at higher frequencies [2] , [7] .
In conclusion, the extended Born algorithm has been utilized to model electromagnetic scattering at radar frequencies for dielectric targets buried in a lossy half-space. In general, for the class of problems considered here, the extended Born algorithm yields results that are at least as accurate as conventional Born, and often the results are considerably better (relative to a rigorous MoM solution). However, the computational complexity of extended Born is higher than that of classical Born, since the extended-Born algorithm requires accurate computation of the background medium (half-space) Green's function, as well as multiple volumetric near-field integrations. We also note that we have focused on frequency-domain integral-equation formulations, although for time-domain applications, the finite difference time domain may be more appropriate [10] , it also applicable to a more general problem class (not just layered media). Finally, all results presented here have been for far-zone scattering. Future research will involve consideration of extended Born for near-zone radar scattering in a half space. Such an extended-Born solution has been successfully implemented for electromagnetic induction (EMI) problems [11] .
I. INTRODUCTION
The problem of detecting known buried objects and estimating their location from electromagnetic field measurements is relevant in many technological areas such as demining, buried waste clean up, excavation planning, and archaeological investigations. In all of the above applications, serious challenges arise, mainly due to physical limitations such as: 1) significant losses due to moist soil that limit the signal-to-noise ratio; 2) presence of a large number of randomly distributed unwanted objects, returns from which obscure the return from the object of interest (volume clutter); and 3) random roughness of the air/soil interface that results in incoherent (random) returns (surface clutter). As a result of these limitations, standard threshold detection algorithms [1] may not successfully address the buried object detection problem, especially when the object is small and the return signal weak.
The signal processing strategy with the highest potential to address the buried object detection problem is the one that utilizes field models for the air/soil/object environment. Due to the complicated nature of this environment, however, certain simplifications need to be made, namely the assumption of a planar air/soil interface and of no interactions between the object of interest and the distribution of unwanted objects. These assumptions allow, as illustrated in this letter, the solution to the buried object detection problem within the framework of exact electromagnetic field scattering theory and the derivation of a computationally efficient optimum detection algorithm. More specifically, the letter is organized as follows. Section II is devoted to statement of the basic field equations governing the interaction of probing fields with the air/soil/object environment and derivation of a field translation property. Section III addresses the buried object detection problem and presents the maximum likelihood algorithm for the solution to it. Finally, Section IV is a discussion of the results of the letter with suggestions for possible future research avenues.
II. CONFIGURATION AND SCATTERING EQUATIONS
Consider the configuration in Fig. 1 in which a planar interface separates air (medium 1) from soil (medium 2). The orthogonal coordinate system r = x +ẑz is defined, with x indicating a two-dimensional (2-D) coordinate on the interface and the z axis directed so that z > 0 is air and z < 0 is soil. Buried in the soil is a known target object, but its coordinates rc = xc +ẑzc with z c 0 are unknown. A monochromatic plane wave with electric field E i (r) = E 0 e ik 1r and wavevector k 1 is incident upon the planar interface. As the incident field reaches the interface, it partially reflects back into air and partially refracts into the soil where it interacts with the buried object. The interaction produces a scattered field, part of which refracts back into air where it is measured.
The total field E(r; r c ) at position r is given by E(r; r c ) = E b (r) + E s (r; r c )
where E b (r) is the electric field in the absence of the buried object 
In (2), the object function O(r; rc) is defined as O(r; rc) = k 2 (r; rc) 0 k 2 2
where k(r; rc) is the complex wavenumber at point r and k2 is the complex wavenumber of the soil. Equation (2) is the Lippmann-Schwinger equation for the scattering problem and maps the object function to the corresponding scattered field nonlinearly.
The dyadic Green functions G 12 and G 22 are defined for the source point in soil and the observation point in air and soil, respectively. Explicit expressions for them can be found in [2] ; however, the critical information for this context is that both Green
